ABSTRACT Background: Although numerous human studies have shown consistent effects of some polyphenol-rich foods on several intermediate markers for cardiovascular diseases, it is still unknown whether their action could be specifically related to polyphenols. Objective: We investigated the effect of orange juice and its major flavonoid, hesperidin, on microvascular reactivity, blood pressure, and cardiovascular risk biomarkers through both postprandial and chronic intervention studies. Design: Twenty-four healthy, overweight men (age 50-65 y) were included in a randomized, controlled, crossover study. Throughout the three 4-wk periods, volunteers daily consumed 500 mL orange juice, 500 mL control drink plus hesperidin (CDH), or 500 mL control drink plus placebo (CDP). All measurements and blood collections were performed in overnight-fasted subjects before and after the 4-wk treatment periods. The postprandial study was conducted at the beginning of each experimental period. Results: Diastolic blood pressure (DBP) was significantly lower after 4 wk consumption of orange juice or CDH than after consumption of CDP (P = 0.02), whereas microvascular endothelium-related reactivity was not significantly affected when measured after an overnight fast. However, both orange juice and CDH ingestion significantly improved postprandial microvascular endothelial reactivity compared with CDP (P , 0.05) when measured at the peak of plasma hesperetin concentration. Conclusions: In healthy, middle-aged, moderately overweight men, orange juice decreases DBP when regularly consumed and postprandially increases endothelium-dependent microvascular reactivity. Our study suggests that hesperidin could be causally linked to the beneficial effect of orange juice. This trial is registered at clinicaltrials.gov as NCT00983086.
INTRODUCTION
A growing number of epidemiologic studies have consistently shown a protective effect of polyphenol-rich foods (fruit, tea, wine, and cocoa or chocolate) against cardiovascular diseases (CVDs) (1) (2) (3) (4) . This evidence is supported by results from numerous studies conducted in animal models, with nutritionally realistic levels of isolated flavonoids (5, 6) , and in humans with flavonoid-rich foods. The most convincing clinical data are available for only a few flavonoid-rich products, probably because they have been more extensively studied than others (7) . Thus, the consumption of chocolate and cocoa, green tea, and soy protein isolate has been reported to exert beneficial effects on some intermediate risk factors for CVD, such as LDL cholesterol, blood pressure (BP), and endothelial function (7) . Only a few clinical trials have dealt with the oral administration of chemically pure flavonoids, making it difficult to dissociate the specific effect of flavonoid compounds from that of the entire food. However, the ingestion of pure dietary epicatechin and epigallocatechin gallate (EGCG) has been causally linked to the beneficial effect of catechin-rich cocoa and tea on vascular function (8) (9) (10) .
Clinical data that examine the potential efficacy of flavonoids on CVD risk factors are lacking for some flavonoid subclasses commonly consumed as part of a normal diet, such as anthocyanins and flavanones (11) . A focus on flavanones is particularly relevant because of their high content in citrus and because of high citrus fruit consumption, particularly orange juice, worldwide. According to the Phenol-Explorer database (12) , a single glass of orange juice (150 mL) may contain '90 mg flavanone glycosides. Hesperidin (hesperetin-7-O-rutinoside) represents 90% of total flavanones in the orange; the remaining flavanones comprise narirutin (naringenin-7-O-rutinoside). Moreover, flavanones are among the flavonoid compounds displaying the highest bioavailability (13) .
The consumption of citrus fruit has been associated with a lower risk of acute coronary events and stroke (14, 15) . From clinical data, citrus juice consumption reduces oxidative DNA damage in blood cells (16) and improves plasma concentrations of markers of inflammation and oxidative stress (17) (18) (19) . In addition, the consumption of citrus juices improves lipemia in men with previous coronary bypass surgery (20) . Furthermore, in hypertensive subjects, the consumption of flavanone-rich grapefruit juice exerts a significant beneficial effect on BP (21) .
Further data are needed to determine the specific role of flavanones in the health benefit induced by the consumption of citrus foods. Therefore, the aim of the present study was to compare the effects of orange juice with those of pure hesperidin on endothelial microvascular reactivity, BP, and systemic markers linked to CVD risk in healthy men to determine whether hesperidin contributes to the protective effects of orange juice.
SUBJECTS AND METHODS

Subjects
Twenty-four overweight male volunteers, 50-65 y of age, were recruited by newspaper advertisements. All subjects were healthy and had no evidence of chronic disease. Exclusion criteria were as follows: use of medications, antioxidants, or vitamin supplements; smoking; alcohol consumption (.20 g alcohol/d); intense physical activity (.5 h/wk); intestinal disorders; or vegetarianism. Subjects presenting with a high consumption of flavonoidrich beverages, such as tea, herb tea, coffee, wine, cocoa, and fruit juice, were also excluded when the daily consumption of one or more of these products exceeded 500 mL (estimated from a food-frequency questionnaire).The study was approved by and performed under the guidelines of the French Human Ethics Committee of the South East VI. Written informed consent was obtained from each of the subjects before commencement of the study. All subjects completed the study except for one who was excluded because of underlying disease.
Test drinks and products
Orange juice from concentrate and the analysis of its constituents (Table 1) were provided by the Florida Department of Citrus (Lake Alfred, FL). Subjects were instructed to keep the orange juice in their home refrigerator until consumption. As shown in Table 1 , the flavanone content in 500 mL orange juice (corresponding to the daily administered dose) was 292 mg hesperidin and 47.5 mg narirutin. The control drink (CD) had a sugar composition similar to that of orange juice, and 500 mL of each drink contained 180 and 194 kcal, respectively (Table  1) . Volunteers were asked to reconstitute the control drink from a sachet of caster sugar, distributed at the beginning of the experimental period. Each sachet contained 22.5 g of the sugar mix, which had to be dissolved in 250 mL tap water just before drinking. Hesperidin capsules were filled with the orange bioflavonoid complex (OBC; 90%), containing 99.2% hesperidin (Nutrafur, Murcia, Spain). Each capsule contained 146 mg OBC, corresponding to the amount of hesperidin present in 250 mL orange juice. The placebo capsules consisted of starch (146 mg/capsule) and were visually identical to those containing hesperidin.
Study design
The main goal of the present study was to examine the acute and chronic effects of orange juice consumption on functional and systemic markers associated with cardiovascular risk and to determine the specific role of hesperidin, its major flavonoid, in the observed effects. For that purpose, the study was a controlled, randomized, crossover 4-wk dietary intervention trial with 3 treatment groups: control drink + placebo (CDP), control drink + hesperidin (CDH), and orange juice. For the orange juice intervention, the trial was open, but it was double-blinded for CDP and CDH. There was a 3-wk washout period between each treatment. The order of administration was determined by using computer-generated random numbers.
Each subject was assigned successively to 3 periods of 4-wk dietary treatments with daily consumption of either 1) 500 mL of a control drink plus 2 placebo capsules (2 · 146 mg starch), 2) 500 mL of the control drink plus 2 capsules of pure hesperidin (2 · 146 mg), or 3) 500 mL orange juice, which naturally provided 292 mg hesperidin. At home, subjects were instructed to divide the total daily dose into 2 equal intakes (250 mL beverage plus one capsule, according to experimental group), one with the breakfast and the other one at lunchtime.
During the protocol, volunteers made 6 visits to the clinical research unit on the first (visits 1, 3, and 5) and last (visits 2, 4, and 6) day of each of experimental period for cardiovascular measurements and biological sample collection. In practice, for the 4-wk chronic study, overnight-fasted subjects arrived at the clinical research unit between 0800 and 0900. After a 10-min rest while supine, BP and microvascular reactivity were measured, and a blood sample was collected. For each intervention period, volunteers were asked to collect urine over the 24-h period before their last visit. On the first day of each experimental period (visits 1, 3, and 5), acute response to the corresponding dietary treatment was examined by measuring microvascular reactivity after 6 h, corresponding to the reported maximal flavanone plasma concentration (22) . Briefly, after measurements and blood sampling were performed, volunteers had to consume the complete daily dose of the treatment together with a breakfast consisting of bread, butter, and ham (280 kcal) within 15 min. Subjects were then allowed to consume only tap water. Six hours after the consumption of breakfast, blood was collected and microvascular reactivity was immediately measured. Volunteers received a light meal before leaving the clinical center. During the entire study period, subjects were asked to maintain their lifestyle and their normal dietary habits with the exception that they were instructed to completely refrain from consuming citrus-containing foods and to limit their total intake of flavonoidrich beverages (tea, coffee, cocoa, wine, fruit juice) to ,200 mL/d. To assess whether the volunteers maintained their dietary habits throughout the study period, a 3-d food record was performed during the last week of each intervention period. To assess dietary compliance, subjects kept a diary in which consumption of the study products (drinks and capsules) was recorded daily, and they were asked to return the unconsumed products at the end of each period. Subjects used the same diary to record occurrences and use of medications. The diaries were collected and checked at the end of each experimental period.
Processing and analysis of biological samples
Fasting blood samples and 24-h urine specimens were collected before and after each intervention period (CDP, CDH, and orange juice). Venous blood was collected into evacuated tubes containing EDTA or Na-heparin. Plasma was immediately isolated, processed, and stored at 280°C until analysis. Plasma samples for vitamin C analysis were immediately transferred into dark Eppendorf tubes containing 2 volumes of meta-phosphoric acid (5%) and stored at 280°C. The laboratory technicians in charge of analysis were not aware of the interventions.
Plasma total cholesterol, HDL cholesterol, triglycerides, and glucose were measured according to standard laboratory procedures; LDL cholesterol was calculated with the Friedewald formula. Plasma insulin was assessed by radioimmunoassay (Human Insulin Radioimmunoassay kit; DiaSorin srl, Saluggia, Italy). Uric acid was measured by using a commercial colorimetric assay (Biomerieux, Marcy l'Etoile, France). The ferricreducing ability of plasma (FRAP) was measured with the method of Benzie and Strain (23) . Inflammatory and endothelial activation biomarkers were assayed by ELISA using kits from Assaypro (St Charles, MO) for C-reactive protein (CRP) and von Willebrand factor (vWF), eBioscience (San Diego, CA) for interleukin-6 (IL-6), and Abcys (Paris, France) for soluble intercellular adhesion molecule 1 (sICAM-1) and soluble vascular cellular adhesion molecule 1 (sVCAM-1). The nitric oxide metabolite (NOx) assessment in plasma was based on the conversion of nitrate to nitrite in the presence of nitrate reductase, followed by the colorimetric determination of nitrite by using Griess reagent (24) .
Vitamin C was quantified in deproteinized plasma by HPLC with a fluorescent detector (excitation wavelength, 360 nm; emission wavelength, 440 nm) as previously described (25) . Plasma a-tocopherol and b-cryptoxanthin were extracted with hexane and then quantified by HPLC with diode array detection, as detailed previously (26) . Quantification of plasma hesperetin was performed after enzymatic hydrolysis of its metabolites by using a b-glucuronidase/sulfatase mixture from Helix pomatia (Sigma, L'Isle d'Abeau, Chesnes, France), followed by an extraction procedure with acidic methanol. Quantification of plasma hesperetin was then carried out by HPLC by using a gradient elution procedure coupled to electrospray ionizationmass spectrometry/mass spectrometry (API 2000; Perkin Elmer, Courtaboeuf, France), as previously described (27) .
Urinary 8-isoprostane (8-iso-prostaglandin 2a), as a systemic measure of lipid peroxidation, was assayed by immunoassay (Euromedex; Oxford Biomedical Research, Oxford, United Kingdom) with correction for urinary creatinine concentration. Urinary creatinine was determined by using a commercial kit (Biomérieux, Marcy l'Etoile, France).
BP measurements
BP was measured on the nondominant upper arm by a trained, certified staff member, who was blinded to the study protocol, in a quiet, temperature-controlled (22°C 6 1°C) room, with a validated oscillometric device and appropriately sized cuffs (Omron 705 CP; Omron Matsusaka Co Ltd, Matsusaka City, Japan). Before BP recordings were made, participants rested 15 min in a seated position. At each assessment, 3 consecutive BP readings were recorded at 5-min intervals. The average of these measures was considered for statistical analysis.
Assessment of microvascular reactivity by using combined laser Doppler flowmetry and iontophoresis
The same physician, who was not aware of the study design, performed all measurements. Laser Doppler measurements were carried out in a quiet, temperature-controlled room, with subjects in a supine position, after a 10-min acclimatization period and before blood sampling. Before starting, the flexor surface of the forearm skin was gently cleaned with alcohol. A laser Doppler instrument (Periflux System 5001; Perimed AB, Stockholm, Sweden) (wavelength 780 nm) and 2 ION6 perspex iontophoresis chambers with an internal platinum wire electrode (Moor Instruments Ltd, Axminster, United Kingdom) were used for noninvasive and continuous measurement of perfusion changes during skin microvessel stimulation. This system uses a disposable gel sponge soaked with 2% acetylcholine (Sigma) and 2% sodium nitroprusside (Nipride; Roche Laboratory, Meylan, France) solutions before being put into a self-contained chamber with the Doppler probe. Acetylcholine and sodium nitroprusside were introduced in the anodal and cathodal chambers, respectively. Acetylcholine is the standard test drug for assessing endothelial function because it mediates vasodilation via mediators secreted by the endothelium. Sodium nitroprusside is an NO donor that reacts with tissue sulfhydryl groups under physiologic conditions to produce NO directly and to thereby stimulate vascular relaxation; thus, sodium nitroprusside is used as an endothelium-independent control.
The iontophoresis chambers were carefully attached to the forearm, and the reference electrode connected to the iontophoresis controller was attached to the cheek to complete the circuit. Drug delivery was achieved by using a constant-current iontophoresis controller (PF 382b Périlont Power Supply; Perimed AB), with the current increasing incrementally from 5 to 20 microAmperes, providing a total charge of 8 milliCoulombs. Voltage across the chambers was measured to enable calculation of the electrical resistance of the skin. Measurement of skin perfusion was carried out by using the laser Doppler fluximeter. The laser Doppler signal is proportional to the number and velocity of moving blood cells in illuminated superficial skin microvessels. The laser beam penetrates the skin and is partially backscattered by moving blood cells. According to the Doppler principle, a frequency shift occurs, generating a signal that is linearly related to red blood cell flow, as predicted by theoretical and experimental models. The laser Doppler output is semiquantitative and expressed in perfusion units (PU) of output voltage (1 PU = 10 mV) in accordance with general consensus (European Laser Doppler Users Groups, London, 1992). The laser Doppler outputs were recorded continuously by an interfaced computer with acquisition software dedicated to Periflux instruments (Perisoft; Perimed AB). For calibration, we used a device composed of colloidal latex particles; the Brownian motion provides the standard value. Because the output cannot be easily translated into absolute values of blood flow, the magnitude of the changes in skin perfusion was calculated as the ratio between peak and mean baseline perfusions. The reproducibility of laser Doppler flowmetry has been studied in stable emulsions with an intraassay CV of '6%. In humans, the technique shows a CV of 16-21% (28), which was in agreement with the day-today variability determined in our laboratory in 6 subjects on 4 different occasions.
Statistical analysis
Statistical analyses were made by using SAS statistical software (version 9.2; SAS Institute Inc, Cary, NC). Data at the end of treatment were analyzed by analysis of covariance, with baseline measurement as the covariate, by using a mixed linear model. In this model, subjects were treated as the random effect, and dietary treatment, period, and interaction between treatment and period were treated as the fixed effects. The PROC MIXED (SAS Institute) procedure was used to analyze the fixed effects of dietary treatment on all the measured variables. A significant main effect of dietary treatment was indicated when the P value of the F test for the main effect was ,0.05. When analysis of covariance showed a statistically different main effect, least-squares-means comparisons (adjusted for multiple comparisons by the TukeyKramer method) were carried out to identify differences between pairs of treatment means. Statistical significance was set at P , 0.05. The PROC MIXED procedure was used to analyze carryover effects from one diet period to the next. No carryover effect (order of treatment, interaction between period, and treatment) was observed for any of the outcomes measured. Unless otherwise specified, presented values are least-squares means (6SEM) adjusted according to the baseline at the beginning of each of the treatment periods. Pearson's correlation analyses were conducted to assess the association between hesperetin concentration in plasma and change in microvascular endothelial reactivity.
RESULTS
Baseline characteristics of subjects and intervention compliance
The baseline characteristics of subjects are summarized in Table 2 . Subjects enrolled in the study were healthy men (age 51-63 y) who were slightly overweight [body mass index (in kg/m 2 ) ranging from 25.2 to 30.5]. Subjects ranged from normal to mildly hyperlipidemic, as calculated from the baseline value for plasma cholesterol and triglyceride concentrations ( Table 2) . Among the recruited subjects, two-thirds were normotensive, and one-third was hypertensive.
The dietary survey, performed at the end of each experimental period, did not reveal any significant changes in food habits throughout the intervention study. Mean (6SEM) total daily energy intakes were similar between groups (CDP: 2283 6 112 kcal; CDH: 2271 6 123 kcal; and orange juice: 2404 6 120 kcal; P = 0.24). No significant change in anthropometric variables was observed between dietary treatments; leastsquares mean (6SEM) weights were as follows: CDP, 84.8 6 0.36 kg; CDH, 85.6 6 0.36 kg; and orange juice, 85.2 6 0.36 (P = 0.209). According to participants' self-reports and the monthly monitoring of the returned unconsumed products (juice, capsules, bags), none of the subjects were classified as noncompliant. Compliance for the orange juice group is shown by the plasma concentrations of b-cryptoxanthin and vitamin C ( Table 3) .
Microvascular reactivity and biological variables
Endothelial function was assessed by measuring changes in endothelium-dependent microvascular relaxation in the overnightfasted subjects who alternately received CDP, CDH, and orange juice for 4 wk. As shown in Figure 1A , no significant differences in microvascular relaxation were observed between dietary treatments in response to acetylcholine (P = 0.120), even though orange juice tended to increase vasodilation when compared with CDP. Similarly, there was no significant effect (P = 0.080) of the treatment on fasted plasma NOx, but orange juice tended to increase its concentration when compared with CDP or CDH (Table 3) .
When acute changes in endothelium-dependent vasodilation were measured 6 h after treatments, significant differences between the groups were observed (P = 0.009; Figure 1B) . The higher acetylcholine-induced vasodilatory response was observed after orange juice consumption, with a difference reaching +105.30 6 25.48% when compared with CDP (P , 0.01). Consumption of CDH also acutely increased the endothelium-dependent vasodilation when compared with CDP consumption (+48.65 6 25.54%, P , 0.05). The difference in endothelium-dependent vasodilation between CDH and orange juice treatments (256.64 6 25.54%) was also significant (P , 0.05), suggesting that orange juice was more potent than CDP to acutely stimulate the microvascular endothelial reactivity. The positive changes in microvascular reactivity are coincident with the detection of hesperetin in the plasma of volunteers sampled 6 h after orange juice or CDH intake (means 6 SEMs: 0.86 6 0.10 lM and 0.77 6 0.16 lM, respectively, P = 0.636), whereas this flavanone was not detected after CDP intake. Pearson's correlation was used to examine associations between plasma hesperetin concentrations and changes in microvascular endothelial reactivity in this postprandial study. These variables were significantly correlated in both the CDH (r = 0.698, P = 0.0001) and orange juice (r = 0.434, P = 0.039) groups. Plasma vitamin C concentration was significantly higher (P , 0.001) 6 h after orange juice intake (70.5 6 4.6 lM) when compared with CDP (52.8 6 4.6 lM) or CDH (50.8 6 4.6 lM), whereas plasma NOx concentrations were not significantly different between groups (data not shown). Endothelium-independent microvascular relaxation (in response to sodium nitroprusside) did not differ between CDP, CDH, and orange juice in the acute 6-h postintervention study as well as when measured in the fasted subjects at the end of the 4-wk intervention period. The changes in skin blood flows measured in response to sodium nitroprusside iontophoresis after CDP, CDH, and orange juice were 120.6 6 13.9%, 118.7 6 14.0%, and 111.0 6 13.9%, respectively (P = 0.866).
BP BP was measured in the overnight fasted subjects at the beginning and end of each experimental period (Table 3 ). The 4-wk consumption of orange juice as well as of CDH resulted in a significantly lower diastolic BP (DBP) compared with that measured after consumption of CDP (P = 0.023). The differences in DBP between CDP and CDH, as well as that between CDP and orange juice, were significantly different (P , 0.05). Regardless of the experimental dietary group, systolic BP (SBP) was similar after the 4-wk supplementation period. There was no significant effect of dietary interventions on pulse pressure (Table 3) .
CVD risk factors and markers of inflammation and endothelial dysfunction
Fasting glucose, insulinemia, total cholesterol, LDL cholesterol, HDL cholesterol, and triglycerides were not significantly different between groups (Table 3) . Similarly, none of the plasma concentrations of CRP, IL-6, vWF, VCAM-1, and ICAM-1 differed significantly at the end of the 3 dietary interventions. However, sVCAM-1 concentration tended to be lower after the consumption of orange juice or CDH than after consumption of CDP (P = 0.089).
Plasma antioxidant status and biomarkers of oxidative stress
After 4 wk consumption of orange juice, concentrations of vitamin C and b-cryptoxanthin were significantly higher in fasted plasma compared with those measured after CDP and CDH (Table 3) . After 4 wk consumption of orange juice, concentrations of uric acid in plasma were significantly lower than after consumption of CDP (Table 3 ). These changes in plasma concentrations of antioxidant molecules were not accompanied by changes in total plasma antioxidant capacity, as reflected by similar FRAP values (Table 3) . Total urinary 8-isoprostane concentrations, a reliable and specific biomarker of oxidative stress, measured at the end of each experimental period were not significantly different between treatments: mean (6SEM) CDP, 1.56 6 0.17 ng/mg creatinine; CDH, 1.47 6 0.11 ng/mg creatinine; and orange juice, 1.60 6 0.17 ng/mg creatinine (P = 0.78).
DISCUSSION
The study's main finding is that 4 wk consumption of orange juice or purified hesperidin, the major orange phenolic, significantly decreased DBP in healthy subjects. A significant improvement in endothelium-dependent microvascular reactivity was also observed postprandially after both orange juice and hesperidin ingestion, at a time point coincident with maximal hesperidin bioavailability.
The DBP-lowering effect after 4 wk of orange juice or CDH consumption is of particular interest with regard to their potential health benefits, because DBP is an indicator of peripheral vessel resistance. This effect on DBP was not associated with significant modification of either SBP or pulse pressure. Our present results are consistent with data reported by Reshef et al (21) , who showed that consumption of high-naringin sweetie fruit (a hybrid between grapefruit and pummelo) juice for 5 wk reduced DBP in hypertensive subjects when compared with the low-naringin juice. Even if the observed BP-lowering effect was moderate, in persons aged 50-69 y with an SBP of 150 mm Hg and a DBP of 90 mm Hg, a 3-4 mm Hg reduction in DBP would reduce the incidence of coronary artery disease by 20% (29) . Previous clinical trials in which healthy or hypertensive volunteers consumed dark chocolate, black tea, or pure quercetin as part of their usual diet also supported the beneficial effects of these supplements on BP (30) (31) (32) . The possible mechanisms by which these flavonoid-rich foods lowered BP may involve a chronic increase in the production of NO by vascular endothelium (33) . In the present study, we showed that only orange juice consumption tended to increase NO plasma concentration. Other mechanisms, such as an inhibitory effect on angiotensin-converting enzyme, could also be responsible for the BP-lowering effects of flavanones (34) .
Endothelial function was assessed in the present study on microvessels by using laser Doppler flowmetry, which measures cutaneous perfusion accompanied by iontophoresis of acetylcholine and sodium nitroprusside (35) . Acetylcholine mediates vasodilatation via the endothelium-dependent production of NO or prostanoids, whereas sodium nitroprusside, an NO donor that stimulates smooth muscle cell relaxation, is used as an endothelium-independent control. Cutaneous microvascular circulation was shown to be associated with high BP (36) and coronary artery disease (37) . In our postprandial study, we observed a significant improvement of acetylcholine-mediated vasodilation after intake of orange juice or CDH, without significant change in the sodium nitroprusside-mediated dilation. This result indicates that the effect of interventions on microvascular function was focused on endothelium-dependent vasorelaxation. Similarly, in several previous postprandial studies, other flavonoid-rich beverages have also favorably affected endothelial function in healthy subjects (38) (39) (40) . In agreement with our results obtained with purified hesperidin, the few studies that used supplementation with isolated flavonoids (epicatechin, EGCG) reported improved postprandial endothelium-dependent vasodilation (9, 10) . In these studies, and ours, the changes in vascular function paralleled plasma concentrations of the flavonoids. Furthermore, the observed changes in microvascular endothelial reactivity were positively correlated with the plasma concentrations of hesperetin after intake of CDH or orange juice, suggesting that hesperetin could at least partially explain the effect of orange juice.
The ability of flavonoids to activate endothelial NO synthase is likely the mechanism underlying improved endothelial function FIGURE 1. Least-squares mean (6SEM) changes in endothelium-dependent microvascular reactivity in response to each dietary treatment in the chronic (A) and acute (B) studies. For each experimental group, the changes in skin blood flow in response to iontophoresis of acetylcholine (Ach) were determined in fasted subjects in the chronic study and 6 h after intake in the postprandial acute study. n = 23. The PROC MIXED procedure with Tukey adjustment in SAS (SAS Institute, Cary, NC) was used. * , **Differences between groups are shown when the P value for treatment was significant: *P , 0.05, **P , 0.01. CDP, control drink plus placebo; CDH, control drink plus hesperidin; OJ, orange juice. (40, 41) . However, from our data, the postprandial acetylcholinemediated dilation improved after ingestion of orange juice or pure hesperidin without significant changes in plasma NO concentration, suggesting that other mediators also contribute. Prostaglandins can play an important role in acetylcholine-mediated vasodilation (35) ; therefore, one can speculate that orange juice and hesperidin positively affect endothelial microvascular function by acting on the cyclooxygenase pathway. This hypothesis is supported by studies showing the ability of dietary flavonoids to increase prostacyclin production (42, 43) .
Because the effect of orange juice on postprandial endothelial microvascular reactivity seems to be greater than that of pure hesperidin, the contribution of other specific components of orange juice cannot be ruled out. In particular, orange juice is rich in vitamin C, which may contribute to the maintenance of a healthy vasculature through the regulation of prostacyclin production and NO bioactivity (44) . In the present study, the consumption of orange juice induced a +40-lmol/L increase in fasted plasma vitamin C concentration after 4 wk. This result could be particularly relevant considering that a 20-lmol/L rise in plasma vitamin C concentration has been associated with an approximate 20% reduction in risk of total mortality and CVD mortality in the general population (45) .
Putative changes in markers of endothelial activation after dietary supplementation have also been assessed in our study. A tendency toward plasma sVCAM-1 reduction (P , 0.08) was observed only after 4 wk consumption of orange juice or pure hesperidin. In patients with peripheral arterial disease, 4 wk daily consumption of 500 mL orange plus black currant juice compared with a reference sugar drink reduced markers of inflammation (CRP, fibrinogen) (46) . However, in our study in healthy volunteers, orange juice consumption did not affect inflammatory markers. This result was not surprising because the control sugar beverage did not display any adverse proinflammatory effect.
In dyslipidemic subjects, the consumption of hesperidin, provided as a pure compound or in orange juice, beneficially modified the blood lipid profile only when administered at a high dose (.400 mg) (20, 47) . Our study, carried out in healthy subjects who consumed a lower amount of juice or of hesperidin, showed no significant effect on plasma lipid concentrations. Interestingly, we observed a significant reduction in the concentration of uric acid after 4 wk orange juice consumption. This result is in agreement with a previous study that reported an inverse association between high plasma concentrations of vitamin C and lower concentrations of uric acid in subjects after orange juice consumption (19) . This lowering effect of orange juice consumption on uric acid concentration is particularly interesting because various observations suggest an association between the concentration of serum uric acid and cardiovascular morbidity and mortality (48) , and serum uric acid is a determinant of metabolic syndrome (49) .
In our study, the intake of '300 mg hesperidin administered as orange juice (500 mL) or as pure compound led to similar plasma concentrations of hesperetin and induced positive effects on vascular protection. Further clinical research should determine the minimal and maximal ranges of hesperidin in orange juice that provide the benefits described in this study. Establishment of effective amounts of hesperidin in orange juice may lead to recommendations for servings of orange juice on a daily basis to maximize such benefits.
The following limitations of our study should be noted. Although care was taken for optimal BP measurements, we acknowledge that 24-h ambulatory BP monitoring would have been more accurate. Second, a possible association between the observed effects on BP and on skin microvascular reactivity should be treated with caution. The relevance of skin microvessels in BP control remains uncertain because the skin microcirculation might not be the site of BP regulation. Furthermore, we observed a trend for a chronic effect of the interventions on microvascular endothelial reactivity. It could be suggested that our study was underpowered; therefore, a larger study might have positive findings.
In conclusion, we observed favorable changes in BP and endothelial function after the consumption of orange juice in healthy subjects and showed that the flavanone hesperidin could be responsible for the observed effects. On the basis of these results, it would be interesting to encourage the consumption of citrus foods, which are the unique dietary sources of flavanones.
